Summary Some characteristics of synaptic potentials arising in the large cells of the lobster cardiac ganglion were investigated by means of intracellular recording and current injection. 1. The spontaneous burst was mainly composed of two kinds of synaptic potentials differing in various features, indicating that the large cells were innervated by two common presynaptic nerve fibers from pacemakers. 2. Antifacilitation was observed in large synaptic potentials, while it was not observed in small synaptic potentials. 3. Depolarization of the large cell accelerated the initiation of large synaptic potentials, andhyperpolarization impeded it. The electrotonic interaction between large cells and the presynaptic nerve cells, which produce large synaptic potentials, was rather strong. 4. Polarization of the large cell had less effect on the initiation of small synaptic potentials than on that of large synapticpotentials; the electrotonic interaction between large cells and the presynaptic nerve cells, which produce small synaptic potentials, was exceedingly weak. 5. A brief current pulse applied to the large cell evoked the slow potential, which was separated from a train of small synaptic potentials. The positive feedback of the slow potential was demonstrated well. 6. Repetitive small synaptic potentials had an acceleratory effect on the burst initiation. The rate of slow depolarization increased with development of small synaptic potentials. 7. Two types of presynaptic nerve cells exhibited differences in time courses of repetitive discharges; one produced a brief train of discharges, and the other an extensive train. 8. It was concluded that the large cells are controlled by two types of presynaptic nervecells; one evokes large synaptic potentials, initiating impulses, and the other induces small synaptic potentials, increasing excitability of the postsynaptic membrane. The latter controls the
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The large cell behaves as a pacemaker when presynaptic nerve cells become inactive or when their activities are delayed.
The cardiac ganglion of the lobstercontains nine nerve cells and exhibits spontaneous periodic burst discharges (WELSH and MAYNARD, 1951) . Intracellular potentials in the large cell are composed mainly of synaptic potentials and spikes, their characteristics having been reviewed by HAGIWARA (1961) . Synaptic potentials are produced by presynaptic impulses from pacemaker cells, which are found among small cells located in the posterior part of the ganglionic trunk (MAYNARD,1955; HAGIWARA and BULLOCK, 1957) . Large cells are followers and exhibit a marked synchronizationamong individual synaptic potentials during the burst discharge, indicating that they are innervated by common presynaptic nerve fibers (HAGIWARA et al., 1959) . The electrical interaction among large cells plays an important role insynchronization (WATANABE,1958) ; interaction occurs between followers and pacemakers, the activity of the former accelerating that of the latter (WATANABE and BULLOCK, 1960) ; pacemaker-pacemaker interaction is presumed but has not been clearly demonstrated (MAYNARD, 1955) .
Synaptic potentials of widely varying shapes and sizes are found during the burst of the large cell. This variety has generally been understood as the effect of antifacilitation (HAGIWARA and BULLOCK,1957; BULLOCK and HORRIDGE, 1965) . Nevertheless, there are some variations in synaptic potentials that are not explained by antifacilitation (BULLOCK and TERZUOLO, 1957) ; it is observed that small synaptic potentials follow or precede the large synaptic potentials. No detailed investigation of the small synaptic potentials has, however, been made.
The present paper is concerned with two kinds of synaptic potentials that appear in the large cell of the lobster cardiac ganglion. Furthermore, the interaction between presynaptic nerve cells, pacemakers, is demonstrated.
METHODS
The cardiac ganglion of the Japanese spiny lobster, Panulirus japonicus, was used in this study. The anatomy and the method of dissection of the lobster heart have been described by MATSUI (1955) . The ganglionic trunk was laid bare by removing the surrounding muscle and was mounted in a small lucite chamber with the remaining heart muscle firmlypinned.
ALEXANDROWICZ (1932) observed five large cell somata in the anterior part of the trunk and four small ones in the posterior part. MAYNARD (1955) designates these large cells Cell 1, Cell 2, etc., from the rostral side.
The bathing solution chosen for use in this study was natural sea water, because it is the best way to keep the regular rhythm of thespontaneous burst of the ganglion (WATANABE and BULLOCK, 1960 
RESULTS

Spontaneous burst
The large cell exhibits a complex pattern of electrical activity. A typical example is shown in Fig.1A . The burst was initiated by a large synaptic potential followed by successive potentials graded in amplitude and frequency. These large synaptic potentials are capable of initiating spikes. A train of small synaptic potentials followed successive large synaptic potentials. These small synaptic potentials rarely initiated spikes. In some cases they appeared following large synaptic potentials, and in other cases preceding them. In the present paper the electrophysiological characteristics of the small synaptic potential will be described and compared with those of the large synaptic potential.
Trains of both large and small synaptic potentials were synchronously produced in large cells, being repeated at regular intervals. Such synchronization was observed in any combination of four large cells, Cells 1-4 (Figs. 1 and 2). As suggested by BULLOCK and TERZUOLO (1957) , it is unlikely that both synaptic potentials are induced by the activity of a single presynaptic nerve fiber, and that the size differences resulted from antifacilitation. Instead, they probably originate from different presynaptic neurons among the pacemaker cells. We assume that large cells receive inputs from at least two kinds of presynaptic neurons. Evidence for this assumption will be given later. In the present paper the presynaptic neurons that induce the small synaptic potential will be called Type A neurons, and the presynaptic neurons that induce the large synaptic potential will be called Type B. Although the impulse activities of these cells could not be recorded, their properties were inferred from the results of the large and small synaptic potentials. Large synaptic potentials
The general character of large synaptic potentials has been investigated in detail by HAGIWARA and HAGIWARA et al. (1959) . a) Initiation of large synaptic potential The burst was evoked by applying a long depolarizing current pulse to a large cell. Figures1B and 1C show the responses. When a depolarizing current pulse was applied to a large cell (Cell 5), bursts similar to the natural ones were elicited. In this case the stimulus was given during the interburst period with sufficient interval between it and the preceding burst. Large synaptic potentials were successively produced during stimulation, while no small synaptic potentials were found in the elicited burst. The number of large synaptic potentials increased with an increase in current intensity. However, the train of large synaptic potentials terminated before termination of the current pulse when duration of the current pulse was prolonged (Fig.1C) . Intervals between large synaptic potentials increased gradually during a burst discharge. Similar results were obtained when a large cell other than Cell 5 was stimulated. An example is presented in Fig. 2 . Potential changes were simultaneously recorded from Cells 2 and 4 in A, and from Cells 2 and 3 in B, in the same preparation, and currents were applied to Cell 2. Large cells responded repeatedly with synchronous large synaptic potentials on depolarization, but they stopped responding while the membrane was still being depolarized. Progressive increase of the response interval was observed during repeated responses.
The initial large synaptic potential was remarkably large in amplitude, compared to the following ones, as shown in Figs. 1 and 2. Furthermore, their amplitude changed markedly during the response, increasing toward the later part of the burst with increasing intervals, indicating a relationship with frequency. This result is in good accordance with those reported by HAGIWARA and BULLOCK (1957) , and such a phenomenon has been called antifacilitation by BULLOCK and HORRIDGE (1965) . Depolarization of the large cell had noticeable effects on the rhythm of the Type B presynaptic neurons. WATANABE and BULLOCK (1960) have reported that electrotonic interaction occurs between follower and pacemaker cells. Their pacemaker cells are probably equivalent to Type B neurons in this study, because the synaptic potential observed by the researchers was larger in amplitude. It can be presumed that depolarization of the large cell has some effect on the activity of Type B neurons, eliciting a train of presynaptic impulses. Therefore, the gradual increase of the response interval and the termination of the response The small synaptic potential was about 1mV in amplitude. It reached its peak within 10msec and decayed with an exponential time course. The small synaptic potential appeared repeatedly during a burst, with a fairly regular interval. The number in a burst ranged from 10 to 20; the frequency varied greatly from preparation to preparation, ranging from 70 to 200 per minute. In some cases the train of small synaptic potentials continued for long periods (up to 5sec). The amplitude did not change during the train. In contrast with the large synaptic potential, neither facilitation nor antifacilitation was found.
Through current injection into a large cell, separation of large and small synaptic potentials was successfully performed. Injection of depolarizing current into a large cell during the interburst period elicited large synaptic potentials, but it did not elicit small synaptic potentials. The current intensities were between 10-9 and10-8 A.
a) Effect of hyperpolarization. A hyperpolarizing current pulse of a long duration (approx. 4 sec) inhibited the initiation of large synaptic potentials. An example is shown in Fig. 3 . The current intensity was about7x10'
A. Trains of both large and small synaptic potentials were periodically initiated (Fig. 3A) . When inward current was applied, large synaptic potentials were completely eliminated during hyperpolarization (Fig. 3C) .However, small synaptic potentials remained; they were repeated at regular intervals. After the end of current injection, repolarization to the resting potential level produced large synaptic potentials (Fig.3D) ; thereafter, a greater number of large synaptic potentials appeared during development of small synaptic potentials (Fig. 3E) .
The above-mentioned findings confirm the hypothesis that the large and small synaptic potentials are independent activities originating from separate synapses in a large cell, and indicate that two kinds of presynaptic nerve cells exist among small cells and that their fibers establish synapses with all the large cells. Hyperpolarization of a large cell impeded the activity of Type B neurons only, but not the activity of Type A neurons. The results shown in Figs. 1 and 3 indicate that Type B neurons are much more easily affected by polarization of a large cell than are Type A neurons, which are affected only by a polarizing current with an intensity of a different order of magnitude (see Section c).
Hyperpolarization caused an increase in amplitude of the small synaptic potential. An example is shown in Fig. 4 . When inward currents with varying intensities were applied during the occurrence of small synaptic potentials, their amplitude increased progressively with increasing membrane potential. Variation of the membrane potential showed a linear relationship to the size of the small synaptic potential, though displacement of the membrane potential was made only on hyperpolarization. The extrapolated reversal potential was about 0mV. Such a relationship has been observed between the large synaptic potential and its measured reversal potential (HAGIWARA etal., 1959) . b) Effect of a brief current pulse. In some cases a train of small synaptic potentials preceded the burst. An example is shown in Fig. 5 . Successive small synaptic potentials slightly shifted the membrane potentials of both cells, initiating the bursts (Fig. 5A) . The interval between trains of small synaptic potentials was about 2 sec. Two large cells exhibited different froms ofactivities one produc- A: spontaneous bursts. The train of small synaptic potentials repeated with an interval of 2 sec.B: a brief pulse of 5msec was applied to Cell 3 before the appearance of small synaptic potentials.Calibration: 10mV, 100msec.
ed a slow potential with superimposed spikes, and the other developed large synaptic potentials. Separation of such activities and small synaptic potentials was done by stimulating large cells, as shown in Fig.5B . On application of a brief outward current pulse (approx. 5msec) a slow potential and large synaptic potentials were elicited, respectively, in the two cells, preceding small synaptic potentials. The stimulus was given1.6 sec after the preceding initial small synaptic potential. The interval of the train of small synaptic potentials was not affected by the stimulus. The result of Fig. 5 indicates that the large cell is activated by development of small synaptic potentials and that it generates the slow potential. It has been reported that the slow potential is spontaneously produced in the large cell (WATANABE, 1958) , and that a slow potential change affects the activity of the pacemaker cell, while a rapid potential change such as a brief pulse does not (WATANABE and BULLOCK, 1960) . From these facts it is inferred that the brief pulse elicits the slow potential, which affects the firing of Type B presynaptic neurons similarly to depolarization produced by current injection, and large synaptic potentials are evoked in the large cell thereby. Thus, the positive feedback of the slow potential change (WATANABE and BULLOCK, 1960 ) is well illustrated in this example. c) Initiation of small synaptic potentials. Larger depolarization induced successive small synaptic potentials in the large cell. Figure 6 shows an example of the response. The records were obtained from Cells 2 and 5. Cell 2 produced the slow potential with superimposed spikes, exhibiting neither of the two synaptic potentials, and Cell 5 was inactive (Fig. 6A) . These facts indicate that the large cell is capable of initiating the burst of spikes without any presynaptic inputs. Thus, it behaves as a pacemaker because activity of the presynaptic nerve cells stops under some experimental conditions. When an outward current with a higher intensity, on the order of10-7A, was applied to Cell 5, Cell 2 responded with a train of small synaptic potentials (Figs. 6B, C and D), presumably because of activation of the presynaptic nerve cells. The small synaptic potentials occurred repeatedly during current injection, and their frequency increased with rising current intensity. When the current electrode was withdrawn from Cell 5, a stimulus with the same current intensity had no effect on the initiation of the small synaptic potentials. These facts indicate the existence of electrotonic pathways between large cells and Type A presynaptic nerve cells, though electrotonic coupling is extremely weak. Termination of the response during stimulation, as seen in Type B neurons did not occur here. Type A neurons sometimes produce rather extensive repetitive discharges of presynaptic impulses, inducing successive small synaptic potentials. A longer series of small synaptic potentials elicited slow potentials twice (Figs. 6C and 6D), indicating that they increased the activity of the large cell. d) Acceleratory effect. Small synaptic potentials had an acceleratory effect on the burst activity. When the burst was preceded by a slow depolarization arising continuously during the interburst period, acceleration due to small synaptic potentials was observed. An example is shown in Fig. 7 , where potentials were simultaneously recorded from Cells 1 and 5. The frequency of the burst depended on the rate of slow depolarization in the same way as that of the action potential in the vertebrate heart (WEIDMANN, 1956 ). In Fig. 7A the rate was about 4mV/ sec. The development of small synaptic potentials in both cells increased the rate, causing the initiation of burst earlier (Fig.7B) , the rate increased to 6mV/sec. The increase of activity such as is shown in Figs. 6C and 6D is thought to be due to the acceleratory effect of small synaptic potentials. The acceleration occurred only during activation of small synaptic potentials. In some cases, on repetitive small synaptic potentials, two brief trains of large synaptic potentials occurred in succession, indicating that Type Bpresynaptic nerve cells are activated by development of small synaptic potentials. The membranes of large cells exhibited slight depolarization during the development of small synaptic potentials. The frequency of small synaptic potentials increased progressively with time and reached a steady level which was followed by a progressive decrease (Figs. 3C , 5B and 7B). It is inferred that repetitive discharges of presynaptic impulses in Type A neurons have a similar time course. The time course of repetitive responses of small synaptic potentials differed greatly from that of the large synaptic potentials, as shown in Figs. 1 and 2 . This difference is due to the differences in repetitive discharges of the two kinds of presynaptic nervecells; one is thought to produce a brief train of discharges, and the other a long-lasting train of discharges.
DISCUSSION
In the lobster cardiac ganglion the large cells produced large and small synaptic potentials during spontaneous burst discharges. Separation of these two electrical events was achieved by current injections into large cells.
The electrophysiological characteristics of a synaptic potential have been described by HAGIWARA and HAGIWARA etal. (1959) . The synaptic potential investigated by them is regarded as equivalent to the large synaptic potential described in this paper, in view of its shape and size. In the present experiments, with respect to the large synaptic potential, similar results wereobtained; antifacilitation occurred during repetitiveresponses; the response interval increased gradually; and its initiation was affected by polarization of the large cell.
The characteristics of small synaptic potentials is quite different from those of large synaptic potentials in variousrespects: it has been observed that the small synaptic potentials outlast the large synaptic potentials (BULLOCK andTERZUOLO, 1957) ; the size of the former is much smaller; they do not initiate spikes; and antifacilitation does not occur. The activity of the Type A presynaptic nerve cells is not influenced as much by the potential changes of large cells as that of Type B nerve cells.
Activity of the two types of presynaptic nerve cells showed differences in both the time courses of repetitive discharges and the effects on the large cell membrane. In crustacean muscles there are two kinds of motor fibers which induce distinctive junction potentials in the same muscle fiber; one evokes a large junction potential, and the other a small one (HOYLE and WIERSMA, 1958; WIERSMA and BOBBERT, 1961) . Further, the former tends to produce a brief train of discharges, while the latter a long-lasting train of discharges (WRIGHT and ADELMAN, 1954) . In the impulse activities of the lobster cardiac ganglion, similar differences have been observed between large and small cells (MAYNARD, 1955) . In the present study it was found that the two types of presynaptic nerve cells exhibit activities that closely resemble those of the motor fibers of doubly innervated crustacean muscles.
Extensive repetitive activation of small synaptic potentials accelerated the burst initiation (Figs. 3, 6 , and 7). MAYNARD (1955) found that small impulses arising in the small cells increased the activity of the large cell. This fact is thought to be similar to the results of the present study. In the lobster cardiac ganglion such acceleration is also observed when the extrinsic acceleratory nerve from the central nervous system is stimulated (MAYNARD, 1953; TERZUOLO and BULLOCK, 1958; OTANI and BULLOCK, 1959; SHIMAHARA, 1969a) .However, a unitary excitatory postsynaptic potential corresponding to the stimulus to the nerve is not found, while an inhibitory one has been observed (SHIMAHARA, 1969a, b) . Similar observations have been reported in the Squilla cardiac ganglion (WATANABE et al., 1968 (WATANABE et al., , 1969 . The acceleratory process in the course of repetitive small synaptic potentials differs greatly from that resulting from stimulation of the extrinsic nerve: a unitary synaptic potential appeared; no prominent depolarization developed; and acceleration was limited during synaptic activation. The rate of slow depolarization increased during development of small synaptic potentials (Fig. 7) . This is similar to the results of stimulation of the extrinsic nerve (SHIMA-HARA, 1969a). Comparable observations have been made regarding the acceleratory effect on the slow depolarization during the stimulation of the sympathetic nerve in the vertebrate heart (HUTTER and TRAUTWEIN, 1956) .
The electrotonic interaction between large cells and Type A neurons is extremely weak; the electrical activity of the latter cell may not be affected normally by the potential changes of the large cells. The fibers of Type A neurons innervate, respectively, five large cells, controlling their activities. Also, Type A neurons seem to establish a synapse with Type B presynaptic cells, because the initiation of a large synaptic potential was activated by development of repetitive small synaptic potentials (Figs. 3 and 5) , while no reverse action was found. It can be presumed that the Type A neurons control Type B neurons, increasing the activity of the latter. Therefore, it is assumed that the former is the primary pacemaker and the latter the secondary. As suggested by HAGIWARA (1961) , Type A neurons may spontaneously produce a prolonged depolarization which initiates a high-frequency train of impulses. It induces repetitive small synaptic potentials in other cells, increasing the excitability of the postsynaptic membrane and causing corresponding electrical activities.
The large cell behaves as a pacemaker, initiating the slow potential with superimposed spikes, when the activities of presynaptic nerve cells stop or are delayed (Figs. 6 and 7) . Thus, the large cells may be considered the tertiary pacemaker. WATANABE and BULLOCK (1960) have demonstrated an electrical interaction between the follower and pacemaker cells; it consists of a positive feedback of the slow potential, which accelerates the activity of the pacemaker cell. The positive feedback of the slow potential change was clearly shown in the present experiment (Fig. 5) . It is present between large cells and Type B cells. Such feedback, however, does not seem to be present between large cells and Type A cells, because the latter are not affected by the slow potential in the large cells.
As described by MAYNARD (1955) , all cells in the cardiac ganglion are capable of initiating impulses without any synaptic inputs. During normal synaptic interactions, the ganglion produces periodic, coordinated electrical activities. In this case it is thought that the Type A presynaptic nerve cells play an important role as a pacemaker in initiating synchronous, periodic burst discharges of the ganglion.
